Forty-eight patients who provided 2 consecutive blood samples that tested positive for cytomegalovirus DNA by polymerase chain reaction (PCR) were randomized to receive either full-dose ganciclovir (5 mg/kg intravenously [iv] twice daily) or half-dose ganciclovir (5 mg/kg iv once daily) plus half-dose foscarnet (90 mg/kg iv once daily) for 14 days. In the ganciclovir arm, 17 (71%) of 24 patients reached the primary end point of being CMV negative by PCR within 14 days of initiation of therapy, compared with 12 (50%) of 24 patients in the ganciclovir-plus-foscarnet arm ( ). Toxicity was greater in the combination-therapy arm. In P p .12 patients who failed to reach the primary end point, baseline virus load was 0.77 log 10 higher, the replication rate before therapy was faster (1.5 vs. 2.7 days), and the viral decay rate was slower (2.9 vs. 1.1 days) after therapy. Bivariable logistic regression models identified baseline virus load, bone-marrow transplantation, and doubling time and half-life of decay as the major factors affecting response to therapy within 14 days. This study did not support a synergistic effect of ganciclovir plus foscarnet in vivo.
egies for preventing CMV disease include giving antiviral prophylaxis to patients from the time of transplant onward [4] or using the results of virologic surveillance to identify asymptomatic patients with viremia and offering them antiviral therapy [5] before disease develops (preemptive therapy).
In our institution (Royal Free and University College Medical School, London, UK), bone marrow, liver, and renal transplant patients are tested twice weekly by use of polymerase chain reaction (PCR) [6] . Preemptive therapy with ganciclovir (5 mg/kg twice daily) is given intravenously (iv) for 14 days to patients with 2 consecutive positive results by PCR. Ganciclovir-induced neutropenia is treated by switching to foscarnet, a drug that is nephrotoxic and causes electrolyte imbalances [7] . Ganciclovir and foscarnet show in vitro synergistic activity against CMV [8] , and a randomized trial of patients with AIDS showed significantly delayed progression of CMV retinitis in patients who received this combination [9] . We therefore hypothesized that a combination strategy consisting of half-dose ganciclovir and halfdose foscarnet (the regimen used for the maintenance phase of the trial in patients with AIDS [9] ) may provide more-efficacious control of CMV viremia in the transplant setting, while reducing the risk of severe adverse effects when used for preemptive therapy. This article describes the results of a randomized, controlled trial designed to test this hypothesis and to investigate the virologic determinants of the outcome of therapy.
SUBJECTS AND METHODS
The general treatment of patients undergoing bone-marrow, liver, or renal transplantation at our institution is described in detail elsewhere [1] [2] [3] . Of note, no antiviral prophylaxis for CMV is given to recipients of solid organs, whereas all bonemarrow transplant recipients receive high-dose aciclovir, according to a previously published protocol [10] .
Monitoring of CMV. Whole-blood samples were obtained twice weekly from all patients and were tested for CMV DNA by use of a PCR method described elsewhere [11] . The sensitivity of the assay is 200 genomes/mL of blood, a value that has been shown to identify patients at risk of future CMV disease [11] . All CMV-positive samples were quantified using a quantitative-competitive PCR described in detail elsewhere [12] . These quantitative values were not available to clinicians treating the patients enrolled in the present study.
Randomized trial design. Patients who provided 2 consecutive blood samples that tested positive for CMV by PCR for the first time after transplantation were invited to enter the randomized trial, which was approved by the local ethics committee (institutional review board of the Royal Free Hospital, London, UK). Patients were randomized to receive either fulldose ganciclovir (5 mg/kg twice daily) or half-dose ganciclovir (5 mg/kg once daily) plus half-dose foscarnet (90 mg/kg once daily) for 14 days. Doses were adjusted according to renal function. Patients received granulocyte colony-stimulating factor (G-CSF) at the discretion of the physician. Randomization was stratified by type of organ transplanted. The trial was administered by use of sealed envelopes containing the randomization code, which were opened after the patient had provided informed consent. Patients with impaired renal function (creatinine clearance, !30 mL/min), neutropenia (! cells/ 9 0.5 ϫ 10 L), or HIV infection were excluded from the study. Patients in either arm of the study who failed to clear their CMV viremia within 14 days of initiation of therapy could either be withdrawn from the study or be given a further course of therapy, at the discretion of the physician. The first patient was enrolled in December 1998, and the last was enrolled in February 2001. Patients who developed serious adverse events related to toxicity profiles of ganciclovir (neutropenia) or foscarnet (electrolyte disturbance or renal impairment) could be withdrawn from the study, be switched to the other arm, or be allowed to continue receiving the study drug, with a reduced dose.
Statistical analysis. The primary end point was the proportion of patients who became CMV negative by PCR within 14 days of initiation of therapy. Secondary end points addressed the safety and tolerability of combination therapy and changes in CMV load during therapy. All analyses were by intention to treat. Comparison of continuous variables, such as virus load, between groups was achieved by use of the 2-sided t test. The Mann-Whitney U test was used for the comparison of viral replication rates. The rate constant k, for viral growth or decay, before or after therapy, was computed assuming exponential growth/decay, as described elsewhere [13] . Doubling times and half-life of decay were calculated by use of the following formulae:
and , respectively. Simple lin-
ear least-squares fit regression models were used to analyze the relationship between viral replication kinetics and virus load. Factors associated with the primary end point were modelled with a univariable and multivariable logistic regression model using intention-to-treat design. Kaplan-Meier plot and a logrank test were used to test the hypothesis that both therapy arms were equally effective. Important practical difficulties in the coadministration of these 2 compounds were anticipated. Specifically, foscarnet and ganciclovir are incompatible in the same dilution fluid, and the low solubility of foscarnet increased the fluid challenge the patients were subjected to. For these reasons, it was decided that only a substantial superiority of the combination would be clinically significant. On the basis of historical data, 50% of patients given ganciclovir monotherapy were expected to become CMV negative by PCR within 14 days of initiation of therapy. A study size of 48 patients (24 in each arm) had 90% power to detect a statistically significant ( ) increase in P ! .05 this rate, to 90%. Data were analyzed with the computer program R [14] .
RESULTS
Baseline characteristics. Details of the patients randomized to each therapy arm are given in table 1. The patients were well matched for sex, age, and CMV donor/recipient serostatus. Virus loads at day 0 (baseline virus load) were similar in both therapy arms (4.28 log 10 genomes/mL [ganciclovir] vs. 4.01 log 10 genomes/mL [ganciclovir plus foscarnet];
, Mann-P p .73 Whitney U test). There was no difference between the time that the second sample was positive for CMV by PCR and the time of initiation of therapy, when patients were stratified according to therapy allocation (median, 4 days for ganciclovir and 5 days for ganciclovir plus foscarnet;
, Mann-Whit-P p .24 ney U test) or transplant type (median, 4 days for bone marrow and 5 days for solid organ;
, Mann-Whitney U test). P p .19 
Baseline CMV load, median (range), log 10 genomes/mL 4.3 (2.7-5.9) 4.0 (3.0-6.2)
NOTE. +, Seropositive; Ϫ, seronegative; CMV, cytomegalovirus; D, donor; FOS, foscarnet; GCV, ganciclovir; R, recipient.
a CMV IgG serostatus of donor is unknown for 2 patients (both renal transplant recipients). Assessments of virological responses. The primary end point of being CMV negative (!200 genomes/mL) by PCR was reached by 17 (71%) of 24 patients randomized to receive ganciclovir and by 12 (50%) of 24 patients randomized to receive combination therapy ( , x 2 test). Among those P p .14 who reached the primary end point, the median time until a blood sample was found to be negative for CMV was 6 days in the ganciclovir arm, compared with 5.5 days in the combination-therapy arm (median, 6 days vs. 11 days, when considering all patients, by use of a Kaplan-Meier approach; table 2). A Kaplan-Meier plot illustrating the proportions and times when patients became CMV negative within the first 14 days of therapy is shown in figure 1 . Three patients in the ganciclovir-therapy arm and 1 patient in the combination-therapy arm had already become CMV negative by PCR at day 0. Two patients (both in the combination-therapy arm) had no CMVnegative results by PCR within 50 days. Antiviral therapy was stopped in 1 patient (ganciclovir arm) at day 12. Statistically, for the primary end point, there was no difference between the 2 therapy arms. ( , log-rank test). With respect to drug P p .19 toxicity, 7 patients experienced toxicity, all of whom were in the combination-therapy arm (7/24 in the combination-therapy arm vs. 0/24 in the ganciclovir arm; , Fisher's exact P p .009 test; table 2). All cases of switching and dose reduction because of toxicity occurred in the solid-organ transplant group (4 liver and 2 renal transplant recipients), whereas 1 patient in the bone-marrow transplant group was withdrawn from the study (ganciclovir-plus-foscarnet arm) at day 12 because of failure to engraft the donated marrow. In 6 patients who continued in the study, toxicity was compatible with the toxicity profile of foscarnet. Three of these patients switched to ganciclovir, and, for 3 patients, the dose was reduced (table 3) . Virologic predictors of the outcome of therapy. In 42 of the 48 patients, we were able to measure virologic parameters, such as virus load at initiation of therapy, viral growth before therapy, and viral decay rates during therapy. Patients who failed to reach the primary end point had a higher virus load at baseline (difference, 0.77 log 10 genomes/mL; , t test; P p .02 figure 2). Although there was no difference in the viral replication rate (day Ϫ1 , r for ganciclovir, 0.33 vs. r for ganciclovir plus foscarnet, 0.43; , Mann-Whitney U test) or viral P p .91 decay rate (day Ϫ1 , k for ganciclovir, Ϫ0.42 vs. k for ganciclovir plus foscarnet, Ϫ0.28; , Mann-Whitney U test) in virus P p .26 load, between the 2 therapy arms, the viral decay rate was significantly higher in patients who reached the primary end point than in those who failed to control replication to !200 genomes/mL at day 14 (day Ϫ1 , k for no failure, Ϫ0.61 vs. k for failure, Ϫ0.24, corresponding to half-life of decay of 1.1 days and 2.9 days, respectively; ; figure 3A ). Similar results P ! .0002 in viral decay rates were obtained when patients were analyzed according to transplant type (bone marrow vs. solid organ; data not shown). Analyses of the viral replication kinetics before therapy revealed that patients who failed to reach the primary end point had a significantly faster CMV growth rate (day Ϫ1 , k for failure, 0.46 vs. k for no failure, 0.26;
; figure 3B ). P ! .002 These growth rates correspond to viral doubling times of 1.51 days and 2.7 days, respectively.
The correlation between viral decay rates and baseline virus load, for patients who reached or failed to reach the primary end point, are shown in figure 4 . There was a significant correlation between baseline CMV load and decay rate in each group (r 2 for failure, 0.6 vs. r 2 for no failure, 0.52; ). P ! .001 In addition, when patients were stratified according to whether they had reached the primary end point, there was a strong correlation between the viral growth rate and the viral decay rate after therapy (r 2 for failure, 0.49 vs. r 2 for no failure, 0.73; ; data not shown). P p .001
Quantifying the risks associated with poor antiviral response. Univariable linear regression models were used to identify factors associated with the primary end point (CMV negative by PCR within 14 days of initiation of therapy). In these models, higher virus load on the day of initiating antiviral therapy (odds ratio [OR], 2.39; 95% confidence interval [CI], 1.05-5.45), faster viral doubling time (t d ; OR, 2.95; 95% CI, 1.28-6.82) before therapy, and slower half-life of decay in virus load (t 1/2 ; OR, 3.01; 95% CI, 1.45-6.25) after therapy were all associated with failure to reach the primary end point. Age (р40 vs. 140 years), sex, transplant type (bone marrow vs. solid organ), study drug (ganciclovir vs. combination), or delay of therapy did not appear to be associated with the primary end point (table 4). As a consequence of the strong correlation between virus load at initiation of therapy, replication rate before therapy, and viral decay rate after therapy, multivariable models including all these factors did not produce meaningful results. Consequently, we undertook a series of bivariable logistic regression models. The results of these models illustrate, that, in all cases, type of transplant (bone marrow) was associated with failing to become CMV DNA negative within 14 days of initiation of therapy (table 4) . In addition, the measure of the viral replication (higher baseline virus load, faster doubling time, or slower viral half-life of decay) was independently associated with failure to reach the primary end point.
Subsequent episodes of CMV viremia. In 15 (31%) of 24 patients, we observed a second episode of CMV viremia within 1 year after they finished the first course of therapy. When analysis was performed according to the initial randomized drug, there was no significant difference in the number of patients who experienced a second episode of CMV viremia ( and ganciclovir plus ; , ganciclovir p 6 foscarnet p 9 P p .5 Fisher's exact test; table 2). However, patients who failed to reach the primary end point of the study were more likely to have a second episode of CMV viremia ( , Fisher's exact P p .01 test). In addition, among patients with a second episode of viremia, there was a trend for higher baseline virus load and faster replication rate before therapy (data not shown).
DISCUSSION
The main conclusion of this randomized, controlled clinical trial is that, for preemptive therapy in transplant recipients, the combination of half-dose ganciclovir and foscarnet therapy is not superior to ganciclovir monotherapy. The viral decay rate after therapy was very similar between patients randomized to receive ganciclovir and those randomized to receive the combination therapy. However, with respect to the primary end point of being CMV negative by PCR by day 14, there was a trend in favor of the ganciclovir arm. Thus, the lack of a significant benefit of the combination of ganciclovir and foscarnet could not be explained by inadequate study power. Since patients were well matched at baseline for all known prognostic variables, including donor/recipient serostatus and baseline virus load, this outcome was surprising. The hypothesis that the combination therapy might be superior to ganciclovir monotherapy was based on 2 previously published observations: (1) ganciclovir plus foscarnet is synergistic in vitro [8] and (2) the combination (using the same doses as used here) proved to be superior in controlling CMV retinitis in patients with AIDS [9] . However, we now know that extrapolation of data from in vitro studies with anti-CMV compounds can be misleading, since aciclovir, which has a poor efficacy in vitro, has been shown to be efficacious in vivo within a series of randomized, controlled clinical trials [15, 16] . Furthermore, the results of the randomized, controlled trial of ganciclovir and foscarnet in patients with AIDS retinitis, which showed a clear superiority of the combination therapy, were obtained in a group of patients who had experienced high-level CMV replication and had been pretreated with ganciclovir. We have previously shown that the rapid dynamics of CMV, coupled with prolonged persistence of low levels of ganciclovir, can result in a rapid flux of wild-type and drug-resistant virus populations and that in vitro culture of viruses in the absence of ganciclovir can result in an underappreciation of the quantity of resistant viruses present in the clinical inoculum [13, 17] . Thus, a high incidence of unrecognized resistance to ganciclovir could explain the observed differences between the trials, with the ganciclovir-plusfoscarnet arm showing improved virologic and clinical benefit in patients with AIDS retinitis, because of the ability to control low-level ganciclovir-resistant strains of viruses with mutations in the UL97 gene. Alternatively, foscarnet may have had a modest effect on HIV replication; therefore, in retrospect, the AIDS trial may represent an early example of combination antiretroviral therapy, rather than synergistic anti-CMV activity of both drugs. In the present study, the availability of data on virus loads enabled us to investigate virological parameters associated with therapy failure. Patients who failed to control replication to low levels (!200 genomes/mL) within 14 days of initiation of therapy had a significantly higher baseline virus load, a much faster viral growth rate before therapy (average t 1/2 , 1.5 days), and a much slower viral decay rate after therapy (average t 1/2 , 2.9 days), compared with patients who reached the primary end point. These observations on the importance of viral growth rate and decay after therapy, in patients with poor response to antiviral therapy, have important practical implications, and further studies are required to determine the role of host parameters in facilitating the removal of CMV-infected cells after initiating therapy.
It is known that a subset of patients treated via preemptive therapy will experience a recurrence of viremia. In the present study, this constituted 31% of the cohort. Patients who failed to reach the primary end point of the study were more likely to have a second episode of CMV viremia within the first year ( , Fisher's exact test; data not shown). In addition, P p .013 patients who had a second episode of viremia had a higher virus load at baseline, a higher replication rate before antiviral therapy, and a slower viral decay rate after initiating antiviral therapy (data not shown). This latter observation is similar to those of Humar et al. [18] , who showed that solid-organ transplant recipients who had second episodes of viremia had a t 1/2 of 8.8 days after iv ganciclovir therapy, compared with a t 1/2 of 3.17 days for patients with a single episode of CMV viremia.
In conclusion, this trial has shown that, at the doses used, combination antiviral therapy with ganciclovir plus foscarnet for CMV viremia does not appear to control viral replication better than does ganciclovir monotherapy. Other investigators have reported uncontrolled studies of full-dose therapy with ganciclovir plus foscarnet [19] or increasing doses of foscarnet plus constant ganciclovir, at the doses used here [20] . Future randomized trials could consider using 1 of these regimens as a way of obtaining better control of CMV replication after transplantation.
